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Abstract

The evolution of the stratospheric flow during the major stratospheric sudden warm-
ing of February 1979 is studied using two primitive equation models of the stratosphere
and mesosphere. One model uses log-pressure as a vertical coordinate (the SMM ), the
other uses potential temperature (the ECM). Both models produce successful simulations
of the warming, capturing the splitting of the vortex. The simulated fields show small
scale structures, such as narrow baroclinic zones and differential advection of Rossby-
Ertel potential vorticity (PV). The ECM produces sharper temperature gradients, as well
as amore realistic recombination and recovery of the polar vortex i n the mid-stratosphere
after the warming. It is suggested that this is due to the automatic increase in vertical res-

olution near such gradients, and better conservation properties for PV in this model.

A schematic description of the three-cliincmsional evolution of the polar vortex is
presented. Strong upward velocities develop in the lower stratosphere on the west or cold
side of abaroclinic zone as it forms over Europe and Asia. Strong downward velocities
appear in the upper stratosphere on the exist, or warm side, strengthening the temperature
gradients. After the peak of the warming, vertical velocities decrease, downward veloci-
ties move into the lower stratosphere and upward velocities move into the upper strato-
sphere. The region of high temperatures in the upper stratosphere moves westward over
the region of low temperaturesin the lower stratosphere.

Air with high ozone mixing ratios is advected towards the pole from low latitudes
during the warming, and air with low ozone mixing ratios is transported to the mid-
stratosphere from both higher and lower altitudes along the baroclinic zone in the polar
regions. Trajectories of particles moving around the, vortex oscillate up and down as they

move through regions of ascending and descending motions.

Comparison of SMMsimulations with forecasts performedusing the UCILLA GCM



1. introduction

Stratospheric sudden warmings result in convoluted flows in the middle atmosphere,
where many scales of vertical and horizo ntal motion are generated (Fair] ie, et al. 1990,
hereafter FFFO). The dynamical processes involved in a major stratospheric sudden
warming are particularly complex and intriguing. One such event, which has motivated
several observational, theoretical, and modeling studies developed in middle to late
| ‘ebruary 1979 (see Andrews et al. 1987, chapter 6 for a review; also Mechoso et al. 1985
and Mechoso and Arakawa 1986). in this paper, we present a comprehensive picture of
the three-dimensional evolution of the stratospheric flow during this warming. Our goal
isto gain insight into model features that arc importantin successfully simulating such

e.vents.

Mechoso et al. (1985, hereafter M) and Mechoso and Arakawa(1986, hereafter MA)
performed experimental forecasts of the February 1979 stratospheric sudden warming
using a version of the UCLA genera circulation model (GCM) with the top at 1mb. M
shows significant sensitivity of the stratospheric forecast to horizontal resolution, and
suggests that thisis a manifestation of sensitivity to errorsin tropospheric forecasts. Ma
confirms this view by showing that low resolution forecasts of the warming can be dra-
matically improved by updating selected tropospheric ficlds with observed values during
the prediction.

Although M and MA demonstrate that the GCM can predict stratospheric sudden
warmings from several days in advance, the forecast fields are not idea] for detailed study
of the stratosphere. The model top at Imb istoolow for analysis of the the upper strato-
sphere. Inaddition, the GCM has only six levels between 100 mb and its top atimb,
giving a vertical resolution of approximately 6 km. I'I'O show, insimulations using a

primitive-equationmodel of the stratosphere and mesosphere (including one of the Febru-



-4 -

stratosphere than the GCM, we can significantly improve the simulation of these small-
scale features of the stratospheric warming and explore their structure and interactions
with the large scale flow. To investigate these issues, we use the UK MO Stratosphere-
Mesosphere Mode] (SMM) to simulate the February 1979 major warming. The horizon-
tal resolution of this model is comparable to the GCM, but it has higher vertical resolu-

tion.

Another approach which has important advantages in modeling the atmosphere isto
use entropy as the vertical coordinate (Arakawaet al. 1992). Since isentropic surfaces are
material surfaces under adiabatic conditions, the vertical resolution of the modelautomat-
ically increases in regions of strong temperature gradients. in addition, using anisen-
tropic coordinate, the Rossby-Ertel potential vorticity can be simply expressed, making it
easy to conserve in a discrete system. One can also obtain aquasi-1 .agrangian view of
atmospheric motions. A spectral, entropy coordinate model (ECM) of the stratosphere
and mesosphere was recently developed at UCI.A and the United Kingdom Meteorologi-
cal Office (UKMO; Mike Fisher, private communication). The ECM incorporates a
tracer transport algorithm, with transport of ozone interactive with the radiation code.; it
also includes an on-line trajectory calculation. We use this model to simulate the Febru-
ary 1979 stratospheric sudden warming, and results are. compared to those from the
SMM.

in the following, we first describe and compare simulations performed with the two
stratospheric models. We use the results of these simulations, including tracer transport
and trajectory calculations, to examine the three-dimensional evolution of the flow during
this major warming and subsequent recovery. Finally, simulations with the SMM are

compared with the GCM forecasts described by M and MA.




2. The Data and Models

a. Data and Observed Evolution of the Flow

Two sets of observational data are used to initialize the models and verify results.
National Meteorological Center (NMC) temperatu res and geopotential heights are pro-
vialed on 65 by 65 polar stereographic grids for each hemisphere at 18 pressure levels
from 1000 to 0.4 mb. Above 100 mb, the NMC geopotential height fields are produced
by using retrievals from stratospheric sounding units on board satellites and the 100 mb
analyses. Details of the data retrieval scheme are given by Gelman et al. (1986) and ref-
ercnces therein. The levels in the stratosphere are 100, 70, 50, 30, 10, 5, 2, 1, and 0.4 nib.
The latter level is well above the weighting function peak of the highest satellite channel
used, and is therefore unreliable; 0.4 mb data are not used in this study.

LIMS temperatures, geopotential heights, and ozone mixing ratios are providedin
the form of Fourier coefficients for the zonal mean ant] first six zonal harmonics at 4
degree latitude intervals from 64 Sto 84 N, as described by l.eovy et a. (1985). They
are given at 18 pressure levels between 1 ()() and ().05 nib, corresponding to avertical reso-
lution of approximately 3 km. Data at (),05 mb were not used due to the large number of
missing values. LIMS data are used for verification of model results, since fields such as
winds calculated from them are somewhat less noisy than from NMC data, and their ver-
tical resolutionismore comparable to that of the stratospheric models.1.1 MS data are not

used for boundary ficlds, since their lowest level is 100 mb.

The major stratospheric warming that developed in February 1979 has been ana-
lyzedin anumber of studies (Andrews et al, 1987 and references therein). We briefly
describe the evolution of the flow as a context for our model comparisons. Figure |

shows1() mb geopotential heights and temperatures from .1 MS datafor selected days
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Aleutian high centered near 180°. By 19 February, a second anticyclone can be seen
forming near 0°. By 23 February, the two anticyclones have merged across the pole, and
the cyclonic polar vortex is split into two well separated vortices, one over North America
(the "North American" vortex), and the other over northern Europe and Russia (the
"Kurasian" vortex). The Eurasian vortex is dlightly stronger than the North American vor-
tex. The anticyclone remains over the pole through 1 March, after which the two
cyclonic vortices recombine (with the North American vortex becoming much weaker) to
form asingle vortex much reduced in size from its pre-warming dimensions. This vortex,
and a weakened Aleutian high move slowly westward, with the vortex positioned over

eastern North America on13 March.

During 19 through 21 February, temperatures increase west of the Aleutian high,
with the most dramatic increase between 23 and 25 February; during this time, strong,
horizontal temperature gradients are seen toward the eastern side of the Eurasian vortex.
Figure 2 shows a longitude height cross-section of temperature at 60°N from LIMS data
on 25 February in which strong vertical temperature gradients (approximately 6 K/km)
are also apparent. The horizontal resolution of both 1.IMS and NMC data is about 20
degrees in longitude (Clough et al. 1985, 1.covy et al. 1985); this coarse horizontal resolu-
tion tends to smooth the temperature gradients in observations (F1°0). FIFO showed verti-
caltemperature profiles reported by radiosondes with similar strong temperature gradi -
ents. ‘1 hese regions of strong tem perat ure gradients are referred 0 as baroclinic zones in
this study.

Geopotential heights and temperatures at 10 mb from NMC analyses provide a simi-
lar picture; during the peak of the warming, the separation of the two cyclonic vortices is
dlightly less, and the North American vortex is dlightly stronger. Since the effective verti-
cal resolution of the NMC data is near 12 km (Clough et a, 1985), the barocliniczone IS

evenless well resolved, but interpolated fields stil suggest vertical temperature gradients




where {, is the vertical component of the relative vorticity computed on 6 surfaces,

f =2Qsin(latitude), g is acceleration due to gravity, and 0 =7(po/p)* is potential tem-
perature. For adiabatic, inviscid flow, Q is conserved along a parcel trgjectory, so con-
tours of (J onisentropic surfaces can be used to approximately follow the motion of air
(Hoskins et al. 1985; Clough1985;1TO). Q was calculated from 1.IMS data, using an
algorithm similar to that described by Newman et al. (1989). These fields, although
somewhat noisy, give a picture of the large scale evolution, Figure 3 shows Q for 21
February (near the beginning of the warming), 25 Feb, 27 Feb, I Mar, 3 Mar (near and
after the peak of the warming, and 11 March (after the two cyclonic vortices have recom-

bined). These distributions will be compared with results of SMM and ECM simulations.

h. The Models

The Stratosphere-Mesosphere Model (SMM) is based on the primitive equations
with horizontal velocity and temperature as prognostic variables. A log-pressure vertical
coordinate is used. in the horizontal, the equations are discretized to fourth-order accu -
racy on an ‘A’ grid (Arakawa and l.amb 1977). The SMM incorporates the radiation cal-
culation of Shine (1987). The ozone (distribution is prescribed, zonally symmetric, and
corresponds to an observed climatology (K lenk et al. 1983). A linear relaxation of the
wind field to zero (1 lolton 1976) isincluded to represent the effect of sub-grid scale pro-
cesses, including gravity wave breaking. Further details of the SMM are given by Fisher
(1987).

The lower boundary of the SMM is at 100 mb and the top at 0.()1 mb. There are 32
levels in the vertical, resulting in a vertical resolution of about 2 km. ‘1 *‘he horizontal reso-
lution is 5° longitude by 5° latitude,. The geopotential height one grid space below the

first modellevel is prescribed as a daily sequence of observed fields that are linearly
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Tbe use of entropy or potential temperat ure as the vertical coordinate in atmospheric
models has several advantages (Arakawa et a. 1992). Coordinate surfaces are material
surfaces for adiabatic processes. Ertel’s potential vorticity (PV)can be simply expressed,
making it easy to conserve in a discrete system. In addition, one can obtain a quasi-

1 .agrangian view of atmospheric motions.

The Entropy Coordinate Model (ECM) isa spectral, isentropic coordinate version of
the SMM, developed recently by Mike Fisher (paper in preparation) at UCI.A and the
UK MO. The vertica coordinate is s = C,, log(0/0,). The model prognostic variables are
velocity stream function, velocity potential, and pseudo-density (dp/ds). Two terms are
included to represent the effect of sub-grid scale processes, an iterated Laplaciananda

simple linear drag as used in the SMM.

‘] "he ECM also uses the radiation scheme of Shine (1987). In one version of the
model, 0zone is a three-dimensional, prognostic field, and is fully interactive with the
radiation parameterization. Photochemistry is crudely parameterized as a relaxation of
ozone mixing ratio towards the climatological fields. The model canalso be run using a
prescribed, climatological distribution of ozone in the radiation calculation, as in the
SMM. Since a detailed description of the ECM has not been published, the major fea-

tures of the model are described in the Appendix.

For most of the simulations, the lower boundary of the KCM isat 400" K (near 1 ()()
In b), and the upper boundary at 4000 K (near .03 nib), with 15 levels in the vertical,
equally spaced in's. This gives better resolution in the stratosphere than the mesosphere,
with the vertical resolution in the mid stratosphere typically being about 3 km away from
strong temperature gradients. A triangular truncation at wavenumber 30 (T30) isused for
most of the simulations described here, resulting in ahorizontal resolution similar to the

SMM. The Montgomery streamfunction is specified at the lower boundary.

The version of the GCM used for experimental forecasts of the February 979
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were performed from initial conditions corresponding to 15 February 1979 and 17 Febru-
ary 1979 at two horizontal resolutions, 4° latitude by 5° longitude, and 2.4° latitude by
39 longitude. initialization was done using a combination of FGGE Level 11 Ib anal yses
and National Meteorological Center (NMC) height and temperature fields, as described
by M. We concentrate on the higher resolution forecasts, which were more successful

than those with low resolution.

Several datasets have been used for initialization and boundary fieldsin our simula-
tions. NMC data were used for initial and boundary fields for SMM and ECM runs from
15 and 17 February, and these two sets of simulations are direct] y compared. In these
IXCM simulations, the ozone field is initialized from the climatology described above.
Additional ECM simulations were done from 17 February with LIMS data (1.eovy €t al.
1985) used for initialization, Insome of these cases, LIMS ozone is used in the initializa-

tion.

SMM runs starting on 15 and 17 February have also been done with the same initial
fields used by M and MA for the GCM, and with the lower boundary given by the I ()()
mb heights from the high resolution (2.4° by 3 ) GCM forecasts, These 141111S are most
directly comparable to the GCM forecasts. SMM runs have also been done using the

FGGE data that were used to initialize the GCM for boundary and initial fields.

Most SMM and ECM simulations are ten days long, as are the GCM forecasts. A
simulation from 17 February 1979 with each of the stratospheric models is extended
through 13 March, so that the recovery of the vortex after the warming can be examined.
For the SMM, the simulation using NMC data for initialization was extended; for the
LECM, the simulation initialized with 1.LIMS data (and 1.IMSozone)anda simulation
using NMC data are extended. Table 1 shows the studies that will be used for intercom-
parison between different models. Table 2 shows additional ECM simulations that were

done to examine the sensitivity of that model to various factors.



-10-

3. Stratospheric Model Comparisons

a. MM and LECM comparisons

Both SMM and ECM simulations from 15 February and 17 February were per-
formed using NMC data to provide initial and boundary fields. ECM simulations have
been done with the same prescribed time-dependent ozone distributions used in the
SMM, and with advection of ozone. A comparison of the results of these simulations
shows that the dynamical fields are nearly identical. Simulations with a prescribed ozone
distribution will be compared directly to SMM fields. in general, both stratospheric mod-
els succeed in producing an evolution characterized by a vortex split and amajor wave 2
type warming. We examine here similarities and differences between the simulations
with each model. It isimmediately clear that the date of initialization is much less signif-
icant in the stratospheric models than in the GCM forecasts, simulations from 15 Febru-
ary inthe ECM and SMM are only dlightly less successful than those from 17 February.
Therefore, after briefl y describing the simulations from 15 February, we concentrate on

simulations started from 17 February.

At 10 mb, in simulations started from 15 February, the region of low temperatures
associated with the Eurasian vortex is larger and colder than observations, and that asso-
ciated with the North American vortex somewhat wanner. In the ECM simulation, the
North American vortex is sightly weaker than observations and the Eurasian vortex
somewhat stronger. In contrast, in the Sh4M simulation, the strength of the two vortices
ismore equal, with the Eurasian vortex weaker than observations. On 25 Feb (Fig.1 c),
the.rcisaregion of high temperatures near 90°E and 50( latitude, with amaximum value
near 260 K. Neither simulation has temperatures above 245 K at this level on this day,

andin both the region of high temperatures is closer to the pole. The SMM simulation




higher altitudes.

Figure 4 shows geopotential heights and temperatures from SMM and ECM simula-
tions from 17 February on 21 and 25 February. The SMM simulation iS somewhat closer
to observations than that from 15 February; the ECM simulation is very similar to that
from 15 February. Figure 4 shows that the North American vortex at 10 mb is slightly
too strong in the SMM simulation, and dlightly too weak in the ECM simulation. On 25
February, the region of high temperatures is closer to the pole and not as warm as obser-
vations. Figure 5 shows longitude/height cross-sections of temperature from these runs
for 23 February. Again, in both cases, the strongest vertical temperature gradients are

near 5 K/km.

Rossby-Ertel potential vorticity on 21, 23 and 25 February in the simulations from
17 February isshownin Fig. 6. in both simulations low values of PV are being advected
from low latitudes into the polar region east of the Eurasian vortex, andinto the Aleutian
anticyclone; similar advection can aso be seen around the eastern edge of the North
Americanvortex, especialy in the SMM simulation. The SMM results show some
regions of higher PV near the pole and the Aleutian anticyclone, especially on 23 Febru-

ary, possibly anartifact of polar filtering in the model (FFO).

in general, the results from the two models are quite similar, although the ECM
nominally has coarser vertical resolution than the SMM. The isentropes shown in Fig. 5
reveal that the vertical resolution of the ECM near the baroclinic zone is near 2 km, simi-
lar to that of the SMM.

A number of additional simulations have been done using the ECM. One that is of
particular interest was clone from 17 February using 1.I1MS data for initialization of the
dynamical fields and the ozone distribution. The full version of the model with ozone
transport interactive with the radiation scheme isused. The boundary fields used are the

same as described above since 1LIMS data do not extend below 100 mb. Besides having
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Figure 7 shows geopotential heights and temperatures at 10 mb from this simulation
on 21 and 25 February. Asin the other ECM simulations, the North American vortex is
slightly weaker than observations and the Eurasian vortex slightly stronger. Also,
although the high temperatures at 10 mb are near the values in observations, the region of
warm temperatures does not come as far off the pole as in observations. Figure 8 shows a
longitude/height cross-section of temperature on 23 February. Both horizontal and verti-
caltemperature gradients are stronger here than in the simulations previously discussed,
with vertical temperature gradients reaching about 9 K/km. Maximum temperatures are
higher than observations by as much as 10 K, and are centered at slightly lower altitude.
Figure 9 shows PV fields for this simulation. A large region of low PV valuesis advected
across the pole, consistent with PV maps calculated from observations, and with conser-
vation of PV (IFIFO).

Vertical velocities were calculated from the SMM and ECM simulations, using the
continuity equation and assuming that the divergence is zero at the top of the SMM, or at
a pressure level near the top of the ECM (ECM results were interpolated to pressure sur-
faces for this calculation). FIFO showed that substantial vertical velocities are associated
with strong baroclinic zones. Figure 1() shows longitude/height cross-sections at 60°N
and horizontal sections at 12.2 mb of vertical velocity on 23 February for the SMM run
from 17 February using NMC data, the ECM run using NMC data, and the ECM run
using L.LIMS data. The pattern is qualitatively similar in each case, although details vary
considerably. Each shows a region of downward velocities throughout the stratosphere
along the baroclinic zone, toward the warm, or eastward side. There is also a region of
upward velocities farther east of the baroclinic zone in the upper stratosphere. Downward
velocities in the mid-stratosphere are strongest in the SMM simulation. Both simulations
initialized with NMC data also show very strong downward velocities in the lower meso-

sphere and upper stratosphere; this may be clue to adjustment in the model from the ini-
<.

sy e e s oy
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upward and downward velocities with upward velocities poleward of and west of the
baroclinic zone, in the cold region, and downward velocities equatorward and east of the
baroclinic zone, in the warm region, A weaker such dipole pattern appears at the location
of the North American vortex, but has little tilt with height, and upward velocities lie

directly west of downward velocities.

Since the recovery of the circulation after the warming depends more on processes
taking place within the stratosphere rather than at tropopause level, and because the ECM
should conserve PV better than the SMM, we expect greater differences in model perfor-
mance during the recovery. Figure 11 shows 10 mb geopotential heights and tempera-
tures, and 850 K PV on 5 and 11 March from SMM and ECM simulations started on 17
February using NMC data for initialization and boundary fields. On both days, the
strength and position of the cyclonic vortex shown in the height fields are considerably
closer to observations in the ECM than the SMM. While the cyclone is slightly stronger
in the ECM simulation than in observations, both cyclone and anticyclone are much
weaker in the SMM simulation, and on 5 March, two separate cyclonic vortices are still
apparent. in the PV fields, the lack of conservation of PV in the SMM is obvious. in
comparing maodel PV fields with those calculated from observations, one should consider
that there may be apparent non-conservation of PV as aresult of poor resolution in the
data, rather than of any diabatic effects, The maximum PV values in the SMM simulation
on 11 March are approximately half those on 25 February at the peak of the warming.
The corresponding PV values in the ECM simulation decrease by approximately 20%.
Maximum values calculated from LLIMS data (Fig. 2) also decrease by approximately
20-30% during this time. The recovery of the vortex is considerably faster than would be
expected from radiative cooling in the mid-stratosphere, where radiative time scales are

2-3 weeks (Dickinson 1973).

The ECM simulation using 1LIMS data for initialization was also extended through
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b. ECM Resolution and Boundary/Initialization tests.

A number of additional ten-day runs were done using the ECM to assess the model
sensitivity to details of the boundary and initial fields. These are summarized in Table 2.

We note the following points:

.T'here is little difference between runs where ozone is transported and interacts
with the radiation calculation, and runs where the radiation calculation used a pre-
scribed, time-dependent distribution of ozone corresponding to an observed clima-
tology. Also, using climatological versus 1.1 MS ozone for initialization when ozone
is transported by the model does not produce large differences in the dynamical
fields. This is consistent with the hypothesis that diabatic effects are not crucial for

short (around 1 () day long) simulations.

. Since the. pressure at 400 K inthe Northern } lemisphere during February is gene 1-
all y higher than 100 mb (near 150 mb around the Aleutian high), runs were done
with the lower boundary at 420 K. The results do not show any significant differ-

ences from the simulations with the lower boundary at 400 K.
. Using 20 levels rather than 15 produced a slight improvement in the intensity of
the North American Vortex.

The | :CM becomes very demanding of computer resources as the model resolution
isincreased, mainly due to increases in resources required by the radiation code and
ozone advection, To examine the sensitivity to model resolution, a modified version of
the ECM was used in which the radiation code was replaced with a simple Newtonian
cooling, as describe.d by O’Neill and Pope (1988), and the tracer advection was removed;
this model version is referred to as the "Mini-ECM". Qver a short run, the removal of the
radiation code should not have a very large effect. Mini-ECM runs were initialized with

i .IMS data. One run was made with (he same resolution as the full ECM (T30 truncation,
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Geopotential heights and temperatures at 1() mb for21 and 25 February from the
T60 and T30 runs are shown in Fig. 12. The T30 run shows similar failings to the corre-
sponding ECM simulations: the North American vortex is too weak, and the anticyclone
is too strong and too wide across the pole. Both deficiencies are alleviated to some extent
in the T60 run. Since all the ECM simulations, which have poorer vertical resolution
over most of their domain than the SMM, but similar horizontal resolution, tend to make
the North American vortex too weak, we speculate that vertical resolution may be an
important factor in reproducing the North American vortex. The T60 run also conies
closer to reproducing the region of low temperatures over North America, which is not

well represented in the T30 run, or in other simulations.

Maximum vertical temperature gradients in the T30 Mini-ECM run are about 10
K/kmon23 February (as opposed to about 9 K/km in the ECM simulation described ear-
lier initialized with LIMS data). In the T60 run, maximum temperature gradients are
about 9 K/km, also on the 23rd. As shown in Figure 13, on 25 February, the T60 run
shows stronger temperature gradients associated with the North American vortex than
with the lower resolution, We note that the North American vortex is less tilted than the
Eurasian vortex, and thus the strong temperature gradients are mainly horizontal. Given
the poor horizontal resolution of the data available, we cannot say whether this feature
was present in the atmosphere. As in FFO, our results emphasize the importance of
observation systems capable of higher horizontal and vertical resolutions that are cur-

rently available to improving our understanding of stratospheric dynamics.

4. Three-dimensional structure of the flow am] transport during the warming

Each of the two stratospheric models (SMM and ECM) has produced successful

simulations of the February 1979 sudden warming from several days in advance. We use
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a. Three-dimensional structure and evolution of the flow

The three-dimensio nal structure of the flow isexamined by inspection of anisosur-
face of PV onisentropic surfaces, throughout the warming, calculated from an ECM sim-
ulation started on 17 February. Fig. 14 shows an isosurface of PV where the values are
scaled by a standard atm osphere value of d6/dp (B ad winand } Tolton 1988, B ad win and
Dunkerton 1989), so that PV has units of vorticity, and the range of valuesis similar at
each level. The value selected represents a contour within the region of strong PV gradi-
ents, and as such is an approximate definition of the edge of the vortex. Also shown in
Fig. 14 isthefull PV field at 874 K, in the middle of the vertical range. As the warming
develops and the polar vortex splits, we note the development of a strong westward tilt
with height of the Eurasian vortex, and a similar but much weaker tilt in the North Ameri-
can vortex. The development of thistilt indicates that PV is being advected at different
rates on different isentropic surfaces; this differential advection of PV contributes to the

development of small vertical scale structure (FFO).

I'FO analyzed a baroclinic zone obtained during asimulation of another strato-
spheric warming, at atime near the peak of the warming. This analysis showed that a
thermodynamically indirect secondary circulation arose, mainly from adiabatic warming
due to strong sinking motion on the warm (east) side of the baroclinic zone; the
ageostrophic flow provided a feedback on the frontogenetic effect of the large-scale
geostrophic flow, acting to strengthen the baroclinic zone. lere we show the time evolu-
tion of the baroclinic zone associated with the Eurasian vortex in a series of temperature
and vertical velocit y cross-sections from the ECM simulation that used 1.1 M S datafor i ni -
tialization (Figure 15). As the barocliniczone is forming, the strongest downward motion
isin the upper stratosphere where the temperatures are high, and strong upward velocities

appear in the lower stratosphere, to the. west of the barocliniczone, moving cold tempera-
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region of downward velocities moves down and that of upward velocities up, and the
strength of the vertical velocities diminishes, so that the vertical motionno longer
strengthen.s the baroclinic zone. During this entire time period, the region of lowest tem-
peratures in the lower stratosphere remains relatively stationary, while the region of high-
est temperatures moves westward and downward over it. ‘i’ he baroclinic zone itself also
moves downward, and at the end of the episode, horizontal temperature gradients

decrease, so that by 27 February, the strong gradients at 60° N are nearly vertical.

Figure 16 shows horizontal plots at 12.2 mb of vertical velocites and temperatures.
There isadipole type pattern of upward and downward velocities, with contours approxi-
mately orthogonal to those of the temperature field and downward velocities located on
the eastward and equatorward side of the vortex, upward velocities on the westward and
poleward side. Divergence is associated with the upward velocities and convergence with

downward velocities.

Figure 17 shows a schematic of the vortex structure during the peak of the warming.
Westward and poleward of, and below the baroclinic zone are divergence and upward
motionin the cold region; eastward and equatorward of, and above the baroclinic zone,
convergence and downward motion take place in the warm region. These “tilting” effects
tend to increase the baroclinicity locally. After the baroclinic zone forms, the centers of
upward (downward) velocities move above (below) the baroclinic zone, decreasing these
effects. A qualitatively similar structure is seen when baroclinic zones develop in simula-
tions of final warmings in both Northern and Southern Hemispheres (Manney et a.,
1992).

b. Trajectory calculations

The trajectories of fluid parcels were estimated using the simulated velocity field
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used near the poles. The trajectory time-step was 30 minutes. We present results

obtained in simulations from 17 February.

Figure 18 shows several trajectories started at 30° N on 17 February at 850 K in the
ECM from the simulation initialized using 1.IMS data. Parcels are advected across the
pole, and around the Aleutian High. Those parcels that remain at low latitudes show little
vertical motion. However, strong downward motion develops as parcels are advected
around the equatorward and eastern side of the Eurasian vortex, consistent with the posi-
tion of the strongest downward velocities (Fig. 18b). Thisis followed by strong upward
motion as the particles are advected through the region of upward velocities on the west-

ward and poleward side of that vortex.

Figure 19 shows trajectories started at 70° N aso at 850 K. Parcels that start well
within the vortex are confined to one of the vortices that develop during the warming, and
circulate rapidly around that vortex. Vertical velocities vary as the parcels move through
regions of upward and downward velocities as they circulate around avortex. Parcels
that start near the edge of the initial vortex either move away from the vortex or circulate
within it, depending on the exact starting position. There are also parcels that start well
outside the initial vortex and end up circulating around one of the vortices after they have
split (not shown). As before, those parcels that move away from the vortex have small

displacements in the vertical.

Qualitatively similar motions are al'so seen for particles started at higher (] 100 K)
and lower (600 K) levels. The general trend over the oscillatory vertical motion isfor
parcels to move down in the polar regions (Fig.19b), as is expected during the winter
season. There is aso downward motionin the polar regions at lower and higher levels.
Over the 10 day period shown, parcels started at 840 K and 70°N experience diabatic
descent of as much as6 Kd'1 ; particles started at 600 K and 70°N experience diabatic

descen upto 2.5 Kd’] , and particles started at 1100 K and 70°N experience diabatic
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c. Transport of ozone in ECM simulations

Another way of examining the evolution of the flow is by looking at the motion of tracers.
Ozone is of particular interest, due to concerns about anthropogenic influences on its dis-
tribution, and for comparison with the Southern 1 lem i sphere where the ozone hole forms.
Since ozone data are available from L] M S, the model can be initialized with a synoptic,
three-dimensional ozone field. Figures 20 and 21 show horizontal and vertical sections,
respectively, of ozone during the simulation with the ECM initialized with LIMS data.
Plots of ozone from L] M S data are shown for comparison. Since photochemistry isvery
crudely represented by a relaxation to climatology, ozone in fact behaves very much like

a passive tracer. The horizontalfields of ozone thus strongly resemble those of PV.

Initially, there are low 0zone mixing ratios in the polar vortex, as well asin the
Aleutian high and the developing high over Northern Europe. As the vortex splits, high
ozone values are advected across the pole fromlow latitudes, forming strong horizontal
gradients asthe region of low o0zone associated with the Aleutian high is also displaced
toward the polar regions. Since the distribution of ozone in the mid-stratosphere iscon-
trolled mainly by dynamical processes, it is not suprising that the ECM does wellin

reproducing the observed field of ozone at this level.

From the vertical cross-sections, we see that high ozone is advected into aregion in
the mid-stratosphere to the east of the Eurasian vortex and the baroclinic zone; a smaller
concentration of high valuesis also seen to the east of the North American vortex. 1 {igh
ozone values are advected mainly from lower latitudes around the eastern side of each
vortex, while low ozone values are transported from both higher and lower altitudes along
the baroclinic zone. Again, the main features of the observed ozone distribution are

obtained in the simulation.
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S. Comparison of SMM simulations and GCM forecasts

M and MA performed experimental forecasts of the February 1979 stratospheric
sudden warming using the UCLLA GCM, with a resolution of 2,4° latitude by 30 longi-
tude. Unlike the stratospheric models, these forecasts were highly sensitive to the starting
date. The forecasts started from 15 February did not produce the major warming and the
splitting of the vortex, while those from 17 February were successful in this regard.
lower resolution simulations (4° latitude by 5¢ longitude) were less successful from
either starting day. M suggested that these results were due primarily to the effect of

errorsin the tropospheric forecast.

To further explore this hypothesis, we performed SMM simulations using the same
data that was used to initialize the GCM for boundary and initial fields. In addition,
another set of SMM simulations uses boundary fields defined by the 100 mb geopotential
heights from the higher resolution GCM forecasts. in this second set of simulations, the
SMM performance will be affected by any errors present in the tropospheric forcast that
affected the stratospheric forecast in the GCM. Although the horizontal grid spacing in
the SMM is approximately twice that in the high resolution GCM, the vertical grid spac-
ing is about one-third that of the GCM, and the SMM model top is much higher.

Figure 22 shows SMM geopotential heights for a simulation from 15 February,
where FGGE data are used for initialization and boundary fields. This simulation repro-
duces the observed splitting of the vortex, although both cyclonic vortices are too weak
(especially the North American vortex) and too far from the pole; the anticyclone ismuch
wider over the pole than in observations. In contrast, both the GCM forecast from 15
February (Figure ? in M), and the SMM simulation with GCM fields used at the lower
boundary (not shown), show a tendency towards splitting of the vortex on 21 February,

but the vortex does not completely split as is apparent in the results corresponding to 25
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These results support the hypothesis that errors in the tropospheric forecast are largely
responsible for the failure of the GCM forecast from 15 February. MA showed that in
predicting the split of the polar vortex the success of the forecast from 15 February is dra-
matically improved by updating selected fields in the troposphere using FGGE data. This
SMM simulation provides further evidence that the stratospheric forecast is very sensitive

to errors in the tropospheric forecast.

Figure 23 shows 10 mb geopotential heights from SMM simulations and high reso-
lution GCM forecasts initialized on 17 February. The two SMM simulations use FGGE
data and 100 mb GCM fields, respectively, for their boundary fields. The SMM simula-
tion using GCM boundary fields reproduces most of the deficiencies of the GCM fore-
cast: the anticyclone istoo far off the pole, the Eurasian vortex is too strong throughout,
and both vortices are too close to the pole. in the SMM simulation using GCM boundary
fields, the North American vortex is aso too strong. In the SMM simulation using FGGE
data, the anticyclone is too wide over the pole, and the North American vortex iStoo

weak. The strength of the Eurasian vortex is near that of observations in this case.

In general, the SMM using the 100 mb GCM fields for boundary conditions pro-
duces horizontal fields very similar to those in the GCM. Figure 24 shows alongi-
tude/height cross-section of temperatures a 60 N, from the GCM and the two SMM sim-
ulations from 17 February. Horizontal temperature gradients are similar in the GCM and
SMM with GCM boundary, but vertical temperature gradients in the SMM simulation are
approximately twice as strong as those in the GCM forecast (6 K/km vs. 3K/km). The
effect of improved vertical resolution in the stratosphere is thus apparent. in this case, the
lower horizontal resolution of the SMM does not appear to materially affect the simula-
tion. in the SMM simulation with FGGE data, both vertical and horizontal temperature

gradients are slightly stronger than those in the SMM simulation with GCM fields.
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5. Discussion and conclusions

Two primitive equation models of the stratosphere and mesosphere with nearly the
same parameterizations of physical processes, but different vertical coordinates are used
to simulate the stratospheric sudden warming of February 1979. One model uses pres-
sure as a vertical coordinate (the SMM), the other uses potential temperature (the ECM).
Both models produce successful simulations of the warming that show many of the small-
scale features that are known to develop during such events (FRO) in more detail than can
be provided by current observational data. Most results from these simulations show rel-
atively subtle differences between the two models. From dlight differences in the shape
and positions of the polar vortices, it is not possible to say that either model is clearly
superior, particularly given the inadequate resolution of the data to which model results

can be compared.

The ECM nominally has lower vertical resolution than the SMM. One of the advan-
tages of the entropy vertical coordinate is that as small scale structure such as abaroclinic
zone develops, theisentropes are tilted and packed together; since the flow is approxi-
mately along isentropes, thisimplies that the vertical resolution is automatically increased
without the need to increase the number of model levels. Comparison of SMM simula-
tions with UCLLA GCM forecasts, and resolution tests with the ECM shows the impor-
tance of vertical resolution in simulating events such as stratospheric warmings where

small scale structure develops within the large-scale flow.

1 nsimulations of the recovery of the polar vortex after the warming, the ECM per-
formed significantly better than the SMM in the mid-stratosphere. As described by FFO,
during the warming, high PV values are drawn out into narrow tongues, which eventually
are lost due to resolution and truncation effects in the model. Since the recombination of

centers of high PV is necessary to the recovery of the vortex, and since this recovery
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motions. The use of entropy as the vertical coordinate simplifies the expression of PV,
making it easy to conserve in a vertically discrete system. The success of the ECM in
simulating the recovery of the flow after amajor warming appears to be an advantage of

using entropy as avertical coordinate.

A comparison of runs with varying resolutions using a simplified version of the
EECM suggests that further improvement of the results could be gained by increasing roth
horizontal and vertical resolution. With the advent of more powerful computers, this

should become feasible for both spectra] and finite-difference models.

We examine the simulated three-dimensional structure and evolution of the polar
vortex during the warming. During the warming, and fern] ation of anarrow baroclinic
zone associated with the Eurasian vortex, the Eurasian vortex tilts strongly westward with
height throughout the stratosphere. This shows the differential advection of PV noted by
FFO, where high PV values are advected at different rates on different isentropic sur-
faces. The differential advection of PV increases the importance of adequate vertical res-

olution, since the effective vertical scale of high PV features is thereby reduced (FFFO).

A schematic description of the evolution of a baroclinic zone and its relation to the
polar vortex is presented. Strong vertical velocities develop in adipole pattern along the
eastern side of the vortex as the baroclinic zone forms. Upward velocities are in the
lower stratosphere, on the westward and poleward side of the baroclinic zone, in the
region of low tem peratures; down ward velocities are on the eastward and equator ward
side, in the region of high temperatures. This pattern advects high temperatures down-
ward to the east and low temperatures upward to the west, increasing the strength of the
baroclinic zone. After the time of strongest temperature gradients, the downward veloci-
tiesmove into the lower stratosphere and the upward velocities move up. The strength of
the vertical velocities decreases, The region of high temperatures in the upper strato-

sphere moves westward over the region of low temperatures in the lower stratosphere.
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baroclinic zone.. Additional details of transport are elucidated by trajectory calculations.
Trajectories of particles caught in the Eurasian vortex after the vortex splits show oscilli-
tory upward and downward motion as they move through the regions of upward and
downward velocities. The overal tendency is for particles to move downward in the
polar regions.

Comparison of SMM simulations with forecasts using the UCLLA GCM reinforces
the importance of vertical resolution in the stratosphere in modeling the stratosphere; an
otherwise successful GCM forecast did not reproduce the baraclinic zone associated with
the Eurasian vortex, while an SMM simulation using the GCM prediction for 100 mb for
boundary fields did. The comparison of GCM and SMM results also confirms the sensi-
tivity of stratospheric forecasts to tropospheric forecasts suggested by M and MA; SMM
simulations using GCM fields for the lower boundary reproduced most of the same fail-

ings as the GCM forecasts.

The three-dimensional picture presented of the evolution of the flow during a strato-
spheric sudden warming shows the development of prominent features in a broad range
of spatial scales. This emphasizes theimportance of adequate resolution, especialy verti-
cal resolution, whether in model simulations or in data, in resolving these features for bet-

ter understanding the dynamics and structure of the stratospheric polar vortex.

Acknowledgments. Special thanks to Mike Fisher for his assistance and advice in using
the entropy coordinate model. Paul Newman provided origina software that was adapted
to calculate PV from data. The research at JP1. was carried out by the Jet Propulsion
laboratory/California institute of Technology, under a contract with the National Aero-
nautics and Space Administration (NASA). Computational support was provided by the
JPL. Supercomputing Project, which is sponsored by JPL and the NASA Office of Space
Science and Applications. 3-d graphics were produced by Erik Mattson of the JPL




-5

Appendix: Entropy Coordinate Model Description

The entropy coordinate model iSbased on the primitive equations expressed in term
of a vertical coordinate s= C, log(6/6,). Modellevels are equally spaced in s giving
slightly higher resolution in the stratosphere than the mesosphere. The reference potential
temperature, %o, may be set arbitrarily, and a value of 1K is used here. The model is
divided into discrete layers in the vertical, with the prognostic variables (velocitiy stream-
function, y, velocity potential, y, and pseudo-density, m = dp/ds) defined at the center of
each level. The hydrostatic equation is discretized using the energy conserving formula-

tion of Hsu and Arakawa (1990).

The Montgomery streamfunction is specified at the isentropic surface which is the
lower boundary of the model as a sequence of fields which are linearly interpolated in
time. The center of the lowest layer for which the prognostic variables are held is one
vertical grid-spacing above the lower boundary level. The upper boundary condition is
provided by assuming that the temperature at the upper boundary of the top layer of the
model isidentical to that at the lower boundary of that layer. Use of this upper boundary
condition has been found to reduce the amplitude of oscillationsin m near the top of the

model (Mike Fisher, private communication).

A semi-implicit method is used to integrate the prognostic equations in time. The
non-linearity of the hydrostatic equation with respect to pressure requires that the pres-
sure gradient be split into two terms, one of which is linearly related to pressure, and is
integrated implicitly, and a remainder which is integrated with a leapfrog timestep. A
mild time filter (Asselin, 1972) is applied to the prognostic fields, ozone pseudo-density

and any other trace species in the model, to prevent the growth of computational modes.

The nonlinear terms in the discrete-time prognostic equations are calculated using

the spectral transform method (Orszag 1970, Eliasen ct a, 1972), where the prognostic
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that quadratic terms are evaluated without aliasing.

L.ongwave and shortwave radiation are parametrized using the scheme of Shine
(1987). The shortwave parametrization is based on that of Strobe] (1 978). The long-
wave scheme uses the Curtis matrix method to parameterize emission and absorption of
longwave radiation in the 9.6 ozone and 15 carbon dioxide bands. A simple parame-
terization of the radiative effects of water vapor is also included. The radiation parame-
terization was adapted from the version used in the isobaric model (SMM). For the short-
wave and water vapor schemes, this requires only that the schemes account for the fact
that pressure varies in the horizontal. The longwave ozone parametrization was adapted
by calculating a Curtix matrix for each vertical column at each radiative time step (3
hours for the runs discussed here). The carbon dioxide parametrization is left unaltered
from that used in the isobaric version of the model, and temperatures and heating rates
are linearly interpolated between the pressure grid required by the longwave parameteri-
zation and the entropy grid used by the mode],

The “vertical velocity”, §, isgiven by s = H/T, where H is the heating rate and T is
temperature. Time integration of vertical advection termsis carried out using a first
order, forward scheme. This scheme is usually unstable for advection equations, but has

proved stable in practice,

The effect of gravity waves on the mesospheric flow is represented crudely by a sim-
ple linear drag, following Holton (1976), with the drag coefficient increasing linearly with
height in the mesosphere. Other unresolved scales are parameterized by adding an iter-

ated Laplacian to the prognostic equations, i. e.,

oy
-E)lt— =- T(f—Vzg)ﬁt//.

Currently, g =3,and 7 = 1.08 x 104s- ]. Vertical diffusion of mass and momentum is

based on the method used by Hsu and Arakawa (1990).
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in an identical fashion. This does not guarantee the absence of negative mixing ratios,
and if such regions occur, they are filled in by borrowing ozone pseudo-density from sur-
rounding points. Photochemistry iscrudely parameterized asa relaxation towards the cli-
matological fields used by Shine (19%7); the relaxation time constant is a function of lati-
tude, altitude and date, based on Garcia and Solomon (1985). Other tracers can also be

added to the model.
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Table 1. Summary of forecasts and simulations used for inter-mode] comparisons.

start boundary initial length
model

date data data
SMM 15 Feb NMC NMC 1() days
ECM 15 Feb NMC NMC 10 days
SMM 17 Feb NMC NMC 24 days
ECM 17 Feb NMC NMC 24 days
ECM 17 Feb NMC LIMS 24 days

SMM  15Feb  FGGE  FGGE+NMC 10 days
SMM 15Feb  GCM FGGE+NMC 10 days
GCM 15 Feb FGGE+NMC 10 days
SMM  17Feb  FGGE  FGGE+NMC  1() days
SMM 17 Feb GCM FGGE+NMC 10 days
GCM 17 Feb - FGGE+NMC 10 days




-32-

“1’able 2. Entropy Coordinate Model (ECM) simulations used to test various features of
the model. With transport on, ozone (O5) is transported by the model and is interac-
tive with the radiation code. Under radiation, full means the detailed radiation
sh=cheme (Shine 1987) is used, Nc means a simple Newtonian cooling is used. “cl
0," refers to a climatological zonal mean distribution of O as described in text.

start transport radiation truncation levels lower initial
date (on or off) (full or Nc) boundary data
on full T30 15 400 K NMC+cl O,
15 Teb of f full T30 15 400 K NMC+cl O,
of f full T30 15 400 K LIMS+cl O,
off full T30 15 420 K L] MS+cl 0,
on full T30 15 400 K NMC+cl 04
of f full T30 15 400 K NMC+cl O,
of f full T30 20 400 K NMC+cl O4
on full T30 15 400 K LIMS+cl O,
17 Feb off full T30 15 400 K LIMS+cl O,
of f full T30 15 420 K LIMS+cl O,
on full T30 15 400" K LIMS+LIMS 0,
of f Nc T30 15 400 K LIMS

of f Nc T60 30 400 K LIMS




Figure and Table Captions

Figure 1. Geopotential heights (grey scale, km) and temperatures (contours, K) from
1.IMS data at 10 mb, every two days from17 Feb 1979 through 11 Mar 1979. Pro-
jection is polar stereographic, with outer edge at 20°N latitude. 30° and 60° lati-

tude circles are shown as dashed lines.

Figure 2, Longitude/height plot at 60°N latitude of L.IMS temperatures (K) for 25 Feb
1979.

Figure 3. Rossby-Ertel potential vorticity (Q) calculated from LIMS data on the 850 K
isentropic surface (a) 21 Feb 1979, (b) 25 Feb 1979, (c) 27 Feb 1979, (d) | Mar

1979, (6) 3Mar 1979, and (f) 11 Mar 1979. Units of Q aré10 K fn Ry &,

Figure 4. Geopotential heights (grey scale) and temperatures (contours) at 10 mb for
SMM (aand b) and ECM (c and d) simulations started from 17 February using
NMC data for initialization, on 21 and 25 February. Units and layout are asin Fig.
1.

Figure 5. Longitude/height plots of temperature at 60°N for SMM (a) and ECM (b) sim-
vlations started from 17 February using NMC data for initialization, on 23 February.

Figure 6. Rossby-Ertel potential vorticity (Q) on 21,23 and 25 February from SMM (a,
b, and c) and ECM (d, e, and f) from simulations started on 17 February using NMC

data for initialization. Units of Q are 10*K 4m Eé g

Figure 7. Geopotential heights (grey scale) and temperatures (contours) at 10 mb for
ECM simulation started from 17 February using 1.IMS data for initialization, on 21
and 25 February, Units and layout are asin Fig. 1.

Figure 8. Longitude/height plots of temperature at 60°N for ECM simulation started
from 17 February using LIMS data for initialization, on 23 February.
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Figure 10. Vertical velocities (cm s1) from simulations started on 17 February, for SMM
and ECM initialized with NMC data, and ECM initialized with 1.IMS data. (a)
through (c) show longitude/height cros-sections at 60°N; (d) through (f) show hori-

zontal cross-sections at 12.2 m b (level marked on vertical sections).

Figure 11. (a) through (d) Geopotential heights (grey scale) and temperatures (contours)
at 10 mb for SMM (aand b) and ECM (c and d) simulations started from 17 Febru-
ary using NMC data for initialization, on 5 and 11 March. Units and layout are asin
Fig. 1. (e) through (h) Rossby-Ertel potential vorticity () on 21, 23 and 25 Febru -
ary from SMM (e and f) and ECM (g and h) from simulations started on 17 Febru-

ary using NMC data for initialization. Units of Q are 10-4 sz"?(gg

Figure 12. Geopotential heights (grey scale) and temperatures (contours) at 10 mb for
mini-ECM runs started from 17 February with a T30 truncation and 15 levels (a and
b) and with T60 truncation and 30 levels (c and d), on 21 and 25 February. Units

and layout are asin Fig. 1.

Figure 13. Longitude/height plots of temperature at 60°N for T30 (a and b) and T60 (¢
and d) mini-ECM runs, on 23 and 25 February.

Figure 14. Three-dimensional plots representing the structure of the polar vortex during
the warming, from the ECM simulation started from 17 February using NMC data
for initialization. The lowest level is 470 K, the highest 1700 K. The outer white
sulfate shows values of Q in vorticity units (see text) of 1.65 s'l, the inner blue sur-
face shows temperatures less than 200 K. The colored plot at the bottom shows QO
on the 874 K isentropic surface, in the center of the vertical range shown. 40°, 60°,
and 80" latitude circles are shown, and 0° and 90°E longitudes are labeled. Plots

arefor every two days from 17 February through 5 March.

Figure 15. Longitude/height cross-sections at 60°N of temperatures (grey scale, K) and

vertical velocities (contours, cm s1) from the, :CM simulation started from 7
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Figure 16. Horizontal plots at 12.2 mb of temperatures (grey scale, K) and vertical veloc-
ities (contours, cm s]) from the ECM simulation started from 17 February using

LIMS data for initialization, every two days for 19 through 27 February.

Figure17. Schematic of the structure of one polar vortex at the peak of the warming (see

text).

Figure 18. Trajectories from the ECM simulation starting 17 February initialized with
LIMS data. Five trajectories started at 850 K and 30°N. Symbols are plotted every
day; trgjectory positions were saved every 4 hours. (a) horizontal positions; the field
in the background is Q at 850 K on 21 February. (b) pressure as a function of time.

(c) e asafunction of time.

Figure 19, Trajectories from the ECM simulation starting 17 February initialized with
LIMS data. Five trajectories started at 850 K and 70°N. Symbols are plotted every
day; trajectory positions were saved every 4 hours. (a) horizontal positions; the field
in the background is Q at 850 K on 23 February. (b) pressure as a function of time.

(c) o asafunction of time.

Figure 20. (@) through (d) Ozone mass mixing ratio at 850 K from the ECM simulation
starting 17 February initialized with LIMS data. Every 4 days for 17 February
through 1 March. (e) through (h) Ozone mass mixing ratio for the same days from

1.IMS data.

Figure 20. (a) through (d) Ozone mass mixing ratio at 60°N from the ECM simulation
starting 17 February initialized with LIMS data. Every 4 days for 17 February
through 1 March. (e) through (h) Ozone mass mixing ratio for the same days from
1.IMS data.

Iigure 22. Geopotential heights (km) from the SMM simulation initialized on 15 Febru-
ary using FGGE datafor boundary fields and initialization, on 21 and 25 February.




21 and 25 February are shown.

Figure 24. Longitude/height plots of temperature at 60°N on 23 February from (@) the
GCM forecast initialized on 17 February, (b) the SMM simulation started on 17
February using 100 mb heights from the GCM forecast for boundary fields, and (c)

the SMM simulation started on 17 February using FGGE data for initialization anti
boundary fields.

Table 1. Summary of forecasts and simulations used for inter-model comparisons.

Table 2. Entropy Coordinate Model (ECM) simulations used to test various features of

the model. With transport on, ozone (05) is transported by the model and is interac-
tive with the radiation code. Under radiation, full means the detailed radiation

scheme (Shine 1987) is used, Nc¢ means a simple Newtonian cooling is used. "ci

0," refers to aclimatological zonal mean distribution of (O, as described in text.
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